Skin hyperpigmentation disorders due to abnormal melanin production induced by ultraviolet (UV) irradiation are both a clinical and cosmetic problem. UV irradiation stimulates melanin production in melanocytes by increasing intracellular cAMP. Expression of heat shock proteins (HSPs), especially HSP70, is induced by various stressors, including UV irradiation, to provide cellular resistance to such stressors. In this study we examined the effect of expression of HSP70 on melanin production both in vitro and in vivo. 3-Isobutyl-1-methylxanthine (IBMX), a cAMP-elevating agent, stimulated melanin production in cultured mouse melanoma cells, and this stimulation was suppressed in cells overexpressing HSP70. IBMX-dependent transcriptional activation of the tyrosinase gene was also suppressed in HSP70-overexpressing cells. Expression of microphthalmia-associated transcription factor (MITF), which positively regulates transcription of the tyrosinase gene, was up-regulated by IBMX; however, this up-regulation was not suppressed in HSP70-overexpressing cells. On the other hand, immunoprecipitation and immunostaining analyses revealed a physical interaction between and co-localization of MITF and HSP70, respectively. Furthermore, the transcription of tyrosinase gene in nuclear extract was inhibited by HSP70. In vivo, UV irradiation of wild-type mice increased the amount of melanin in the basal layer of the epidermis, and this increase was suppressed in transgenic mice expressing HSP70. This study provides the first evidence of an inhibitory effect of HSP70 on melanin production both in vitro and in vivo. This effect seems to be mediated by modulation of MITF activity through a direct interaction between HSP70 and MITF.
The skin can structurally be divided into several layers including the most apical layer, the epidermis, consisting of keratinocytes (1) . In addition to changes with aging, the skin is damaged by various environmental stressors, especially by solar ultraviolet irradiation (photo-aging). UV light can be separated, based on the wavelength, into UVA (320 -400 nm), UVB (290 -320 nm), and UVC (100 -290 nm) (2) . Of these, most UVC can be absorbed by the ozone layer. Although the cell-damaging effect of UVA is relatively weak, UVA seems to play an important role in photo-aging because its content in solar UV is higher than UVB and UVC (3) (4) (5) . Furthermore, UVB seems to also play the central role in photo-aging (6) .
UV-induced skin hyperpigmentation disorders due to abnormal melanin production cause clinical and cosmetic problems. UV-dependent delayed pigmentation (induction of melanin production and distribution) plays a central role in the hyperpigmentation disorders. The induction of melanin production is mediated by various signal pathways (7) (8) (9) . Of these pathways, a cAMP-dependent pathway seems to play a central role in UV-dependent stimulation of melanin production (7) . In this pathway, exposure of keratinocytes to UV stimulates the release of signal molecules, such as ␣-melanocyte-stimulating hormone (␣-MSH), 2 prostaglandin E 2 , adenocorticotropic hormone, and endotheline-1, all of which stimulate melanin production in melanocytes through elevation of the level of intracellular cAMP. For example, the binding of ␣-MSH or adenocorticotropic hormone to melanocortin 1 receptor on melanocytes induces the expression of tyrosinase and other melanogenesis-related proteins through activation of adenylate cyclase, an increase in the intracellular cAMP level, activation of protein kinase A, activation of the cAMP response elementbinding protein (CREB), and induction of expression of microphthalmia-associated transcription factor (MITF) that specifically binds to the promoter of the tyrosinase gene to promote its transcription (7) . Tyrosinase is a rate-limiting enzyme in melanin synthesis, and an increase in the activity and expression of tyrosinase was observed in sites of UV-induced hyperpigmentation (10, 11) ; therefore, chemicals and natural products that suppress the activity and/or expression of tyrosinase could be pharmaceutically and cosmetically beneficial as hypopigmenting agents.
On the other hand, UV-induced modest melanin production plays an important role in protection of the skin against UV-dependent damage, including DNA damage (12) . This protection is particularly important for the prevention of UV-induced development of melanoma and non-melanoma skin cancer (13) . Synthesized melanin in the melanosomes in melanocytes is distributed and transported to the surrounding keratinocytes where it forms a melanin cap that acts as a filter to limit the penetration of UV into the epidermis and dermis (14) . Melanin also acts as a scavenger of UV-produced reactive oxygen species that are also responsible for UV-dependent skin damage and development of skin cancer (15) . Thus, identification of a mechanism that not only suppresses melanin production but also protects the skin from UV-induced damage is important for developing hypopigmenting agents (skin whitening agents) without worsening UV-induced skin damage.
When cells are exposed to stressors, a number of so-called stress proteins are induced to confer protection against such stressors. HSPs are representative of these stress proteins, and their cellular up-regulation of expression, especially that of HSP70, provides resistance as the HSPs re-fold or degrade denatured proteins produced by stressors such as reactive oxygen species (16) . Because stressor-induced tissue damage is involved in various diseases, HSPs and HSP inducers have received much attention for their therapeutic potential. For example, we have shown using transgenic mice that HSP70 protects the gastrointestinal tract from development of gastric and small intestinal lesions and inflammatory bowel disease (17) (18) (19) (20) . Interestingly, geranylgeranylacetone, a leading anti-ulcer drug on the Japanese market, has been reported to be a nontoxic HSP-inducer, up-regulating various HSPs not only in cultured gastric mucosal cells but also in various tissues, including the gastric mucosa in vivo (21) . It was recently reported that geranylgeranylacetone suppresses inflammatory bowel disease-related experimental colitis and lesion of small intestine (19, 22, 23) . Based on these results, it is expected that non-toxic HSP inducers, including geranylgeranylacetone, will be therapeutically beneficial for various types of diseases.
It is known that various HSPs are constitutively expressed in the skin, and their expression, especially that of HSP70, is upregulated by stressors such as heat treatment (24, 25) . UV irradiation of keratinocytes induces the expression of HSPs not only in vitro but also in vivo (25) (26) (27) (28) (29) . Furthermore, artificial expression of HSP70 in keratinocytes and melanocytes confers protection against UV not only in vitro (24, 29 -32) but also in vivo; a sensitive phenotype of HSP70-null mice to UV-induced epidermal and dermal damage has been reported (33) . Furthermore, protection of the skin against UV by expression of HSP70 has been suggested to occur in human skin (34) . Therefore, if HSP70 can suppress melanin production, non-toxic HSP70 inducers should be beneficial as hypopigmenting agents because they can suppress melanin production while simultaneously protecting the skin against UV. It was recently reported that heat treatment of cultured melanoma cells suppresses melanin production; however, the contribution of HSPs to this suppression was not tested (35, 36) . In this study we reproduced this suppression in another mouse melanoma cell line (B16) and found that in these cells artificial overexpression of HSP70 also suppresses melanin production. We also found that UVB irradiation-induced production of melanin in the epidermis was suppressed in transgenic mice expressing HSP70. Based on these results, we propose that non-toxic HSP70 inducers will be pharmaceutically and cosmetically beneficial as hypopigmenting agents.
EXPERIMENTAL PROCEDURES
Materials and Animals-Dulbecco's modified Eagle's medium was obtained from Nissui Pharmaceutical Co. [␣-
32 P]GTP (6000 Ci/mmol) was from MP Biomedical. The RNeasy kit and HiPerFect transfection reagent were from Qiagen. PrimeScript 1st strand cDNA synthesis kit was purchased from TAKARA Bio, and iQ SYBR Green Supermix was from BioRad. Fetal bovine serum), melanin, 3-isobutyl-1-methylxanthine (IBMX), and ␣-MSH were from Sigma. Dynabeads Protein G, Lipofectamine (TM2000), Alexa Fluor 488 goat antimouse immunoglobulin G, and Alexa Fluor 594 goat anti-rabbit immunoglobulin G were purchased from Invitrogen. Antibodies against tyrosinase and actin were obtained from Santa Cruz. Antibodies against HSP70, HSP25, HSP47, HSP60, and HSP90 were from Stressgen. An antibody against MITF was obtained from Thermo Scientific. L-DOPA was from Nacalai, and the Dual Luciferase Assay System and NTP mixture were from Promega. Transgenic mice expressing HSP70 and their wild-type counterparts (8 -10 weeks old, male) were gifts from Drs. C. E. Angelidis and G. N. Pagoulatos (University of Ioannina, Greece) and were prepared as described previously (17) . Homozygotic male transgenic mice were used in the experiments. The experiments and procedures described here were carried out in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the National Institute of Health and were approved by the Animal Care Committee of Kumamoto University.
Cell Culture-B16 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 100 g/ml streptomycin in a humidified atmosphere of 95% air with 5% CO 2 at 37°C. Transfection of B16 cells with pcDNA3.1 containing the hsp70 gene (37) was carried out using Lipofectamine (TM2000) according to the manufacturer's protocol. The stable transfectants expressing HSP70 were selected by immunoblotting and realtime RT-PCR analyses. Positive clones were maintained in the presence of 200 g/ml G418.
Immunoblotting Analysis-Whole cell extracts were prepared as described previously (38) . The protein concentration of each sample was determined by the Bradford method (39) . Samples were applied to polyacrylamide SDS gels and subjected to electrophoresis after which proteins were immunoblotted with each antibody.
Determination of Melanin Content in Vitro-Melanin content was determined as described previously (40, 41) with some modifications. Cells were homogenized with 1 N NaOH. The melanin content of the cell extracts and the culture medium was determined by measuring the absorbance at 405 nm with a plate reader (Fluostar Galaxy).
Tyrosinase Activity Assay-Tyrosinase activity was assayed as described previously (42) with some modifications. Cells were washed with phosphate-buffered saline and homogenized with 20 mM Tris/HCl (pH 7.5) buffer containing 0.1% Triton X-100. Tyrosinase activity (oxidation of L-DOPA to DOPAchrome) was monitored as follows. Cell extracts (50 l) were mixed with 100 l of freshly prepared substrate solution (0.1% L-DOPA in phosphate-buffered saline) and incubated at 37°C. The production of DOPAchrome was monitored by measuring the absorbance at 475 nm with a plate reader (Fluostar Galaxy) and corrected for auto-oxidation of L-DOPA.
Real-time RT-PCR Analysis-Real-time RT-PCR was performed as previously described (43) with some modifications. Total RNA was extracted from cells using an RNeasy kit according to the manufacturer's protocol. Samples (2.5 g of RNA) were reverse-transcribed using a first-strand cDNA synthesis kit. Synthesized cDNA was used in real-time RT-PCR (Chromo 4 instrument (Bio-Rad)) experiments using iQ SYBR Green Supermix and analyzed with Opticon Monitor Software. Specificity was confirmed by electrophoretic analysis of the reaction products and by inclusion of template-or reverse transcriptase-free controls. To normalize the amount of total RNA present in each reaction, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA was used as an internal standard.
Primers were designed using the Primer3 website. The primers used were (forward and reverse primers, respectively): tyrosinase, 5Ј-cctcctggcagatcatttgt-3Ј and 5Ј-ggttttggctttgtcatggt-3Ј; gapdh, 5Ј-aactttggcattgtggaagg-3Ј and 5Ј-acacattgggggtaggaaca-3Ј; mitf, 5Ј-ctagagcgcatggactttcc-3Ј and 5Ј-acaagttcctggctgcagtt-3Ј.
siRNA Targeting of Genes-We used siRNA with the sequences of 5Ј-agcaguaccuuucuaccacdTdT-3Ј and 5Ј-gugguagaaagguacugcudTdT-3Ј as annealed oligonucleotides for repressing MITF expression. Cells were transfected with siRNA using HiPerFect transfection reagent according to the manufacturer's instructions. Non-silencing siRNA (5Ј-uucuccgaacgugucacgudTdT-3Ј and 5Ј-acgugacacguucggagaadTdT-3Ј) was used as a negative control.
Luciferase Reporter Assay-The plasmid, pGL4-tyrosinaseluc (44), was a gift from Dr. M. Funaba (Kyoto University). The luciferase assay was performed as described previously (44, 45) . Cells were transfected with 1 g of each of the Photinus pyralis luciferase reporter plasmids (pGL4-tyrosinase-luc) and 0.125 g of an internal standard plasmid bearing the Renilla reniformis luciferase reporter (pRL-SV40). P. pyralis luciferase activity in the cell extract was measured using the Dual Luciferase Assay System and then normalized for Renilla reniformis luciferase activity.
Co-immunoprecipitation Assay-Immunoprecipitation was carried out as described previously (46) with some modifications. Cells were harvested, lysed, and centrifuged. The antibody against HSP70 or MITF was added to the supernatant, and the samples were incubated for 12 h at 4°C with rotation. Dynabeads Protein G was added and incubated for 2 h at 4°C with rotation. Beads were washed four times, and proteins were eluted by boiling in SDS sample buffer.
Immunostaining Microscopy-After fixation with 4% paraformaldehyde, cells were incubated with antibody against HSP70 or MITF for overnight. Samples were further incubated with the respective secondary antibody. We acquired images with a confocal fluorescence microscope (Olympus FV500).
ChromatinImmunoprecipitationAssay-Achromatinimmunoprecipitation assay was done as described previously (47) with some modifications. Cells were cross-linked with 1% formaldehyde for 10 min at 25°C. After the addition of 125 mM (final concentration) glycine, cells were harvested and suspended in the lysis buffer (10 mM HEPES, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol, 0.1% Nonidet P-40, and protease inhibitors). After 10 min of incubation on ice, cells were centrifuged to pellet the nuclei. Nuclei were then suspended in the nuclei lysis buffer (50 mM Tris/HCl (pH 8.1), 10 mM EDTA, 1% SDS, and protease inhibitors). Samples were sonicated 30 times for 10 s (to achieve an average fragment size of 0.5-1 kb). Immunoprecipitation was performed with magnetic beads that were coated with protein G and antibody against MITF or HSP70. Precipitates were washed, processed for DNA purification, and subjected to real time RT-PCR.
The primers used were (forward and reverse primers, respectively): tyrosinase promoter, 5Ј-gtctacttatgatctctaaatacaacaggcttg-3Ј and 5Ј-tcatacaaaatctgcaccaataggttaatgagtg-3Ј; gapdh, 5Ј-acccagaagactgtggatgg-3Ј and 5Ј-cacattgggggtaggaacac-3Ј.
In Vitro Transcription Assay-In vitro transcription assay was done as described (48) with some modifications. Nuclear extracts (5 g protein) were incubated with DNA fragments containing the tyrosinase promoter and transcribed region (Ϫ270/ϩ59) or the glucose-regulated protein (grp78) promoter and transcribed region (Ϫ304/ϩ253) in the buffer containing 20 mM HEPES/KOH (pH 7.9), 100 mM KCI, 0.5 mM dithiothreitol, 1 mM EDTA, 20% glycerol, 0.4 mM ATP, 0.4 mM CTP, 0.4 mM UTP, 0.016 mM GTP, [␣-32 P]GTP, and 4 mM MgC1 2 for 60 min at 30°C. Isolated RNAs were resolved by electrophoresis on 15% polyacrylamide gel containing 7 M urea. The gel was dried and autoradiographed.
Assay for Melanin Production in Vivo-Animals were exposed to UVB irradiation with a double bank of UVB lamps (peak emission at 312 nm, VL-215LM lamp, Vilber Lourmat). The energy of the UV was monitored by radiometer sensor (UVX-31, UV Products). Skin reflective colorimetric measurements were assessed with a narrow-band simple reflectance meter (Mexameter MX18, Courage-Khazaka). The measurement was done for four parts of the skin, and the mean was calculated. The measurement area was 5 mm in diameter, and the instrument was calibrated using black and white calibration plates. Skin biopsies were harvested and processed for FontanaMasson staining, as described (49) .
Statistical Analysis-All values are expressed as the mean Ϯ S.D. or S.E. Two-way analysis of variance followed by the Tukey test was used to evaluate differences between more than three groups. Differences were considered to be significant for values of p Ͻ 0.05.
RESULTS

Inhibition of Melanin Production by Expression of HSP70-
As mentioned above, it has been reported that heat treatment of mouse melanoma cells (Mel-Ab) suppresses melanin production (35, 36) . In this study we tested whether similar results are observed for a different mouse melanoma cell line (B16). Because UVB irradiation of B16 cells did not stimulate the melanin production (supplemental Fig. S1, A and B) , we used either ␣-MSH or IBMX (which is a cAMP-elevating agent that acts through inhibition of phosphodiesterase) to mimic UV-stimu-lated melanin production in vivo and measured the amount of melanin in both the culture medium and cell extract. We confirmed that heat treatment (42°C, 1.5 h) induced expression of HSP70 (Fig. 1A) . As shown in Fig. 1 , B and C, treatment of B16 cells with IBMX increased the melanin content in both fractions, and pretreatment of the cells with the heat shock suppressed this increase significantly, suggesting that the heat treatment inhibited IBMX-stimulated production of melanin. We also examined the effect of heat shock on melanin production in cells in which the production had been already activated by IBMX and found that the heat treatment inhibited the melanin production even under these conditions (supplemental Fig. S1, C  and D) . Similar results were observed for ␣-MSH-stimulated production of melanin (supplemental Fig. S1, E and F) . As shown in Fig.  1D , this heat treatment also induced the expression of HSP25 weakly but did not induce the expression of other HSPs. We also found that UVB irradiation of B16 cells did not clearly affect the expression of HSPs (Fig. 1D) .
We established a clone of B16 cells that stably overexpresses HSP70. The extent of expression of HSP70 in this clone is shown (Fig.  1E) . We confirmed that this overexpression of HSP70 did not affect the cell growth (data not shown). IBMX-and ␣-MSH-dependent increases in the amount of melanin in the culture medium and cell extract were observed in the control clone but were not so apparent in the clone overexpressing HSP70 (Fig. 1, F and G, supplemental  Fig. S1, G and H) , showing that expression of HSP70 somehow inhibits the synthesis of melanin in B16 cells.
We also examined the effect of heat shock and/or UVB irradiation on melanin production with or without IBMX. As shown in supplemental Fig. S1, I and J, irradiation with UVB did not affect the melanin production with or without IBMX. UVB did not affect the melanin production even with simultaneous heat treatment (supplemental Fig.  S1, I and J) .
Mechanism for Inhibition of Melanin Production by Expression of HSP70-To understand the mechanisms governing inhibition of melanin production by expression of HSP70, we first examined tyrosinase activity. As shown in Fig. 2A , treatment of control cells with IBMX increased the tyrosinase activity in the cell extract as described previously (42) , and this increase was not observed for cells overexpressing HSP70. We also examined the effect of IBMX and/or overexpression of HSP70 on the expression of tyrosinase. Treatment of cells with IBMX increased the level of tyrosinase, and this increase was suppressed in HSP70-overexpressing cells (Fig. 2B) . Similar results were observed at the mRNA level, which was monitored by real-time RT-PCR (Fig. 2C) , suggesting that expression of HSP70 inhibits transcription of the tyrosinase gene. To confirm this notion, we performed a luciferase reporter assay using a reporter plasmid where the promoter of the tyrosinase gene is inserted upstream of the luciferase gene. As shown in Fig. 2D , treatment of cells with IBMX increased luciferase activity in the cell extract, and the activity was significant lower in IBMX-treated HSP70-overexpressing cells than in the control cells, supporting the notion that expression of HSP70 inhibits the expression of tyrosinase at the level of transcription. Results similar to those in Fig. 2 were observed when heat treatment was used for induction of expression of HSP70 (supplemental Fig. S2, A-D) .
As described in the introduction, MITF plays a central role in UV-induced expression of tyrosinase through its specific binding to the promoter of the tyrosinase gene (50) . We examined the effect of IBMX and/or expression of HSP70 on the expression of MITF. As described previously (51), treatment of cells with IBMX increased the level of MITF (Fig. 3A) . Surprisingly, expression of HSP70 did not affect the level of MITF irrespective of the presence of IBMX (Fig. 3A) . Similar results were observed for mRNA expression (Fig. 3B) . These results suggest that the inhibitory effect of HSP70 expression on the promoter activity of the tyrosinase gene is not mediated by alterations to the expression of MITF. It is known that MITF is activated by phosphorylation (50); however, the results in Fig. 3A also suggest that the level of phosphorylation (the ratio of the hyperphosphorylated form to the hypophosphorylated form of MITF) is not affected by expression of HSP70. We also examined the effect of heat shock on the level of MITF. As shown in supplemental Fig. S2 , E and F, different from the case of overexpression of HSP70 (Fig. 3 ), heat treatment decreased the level of MITF and mitf mRNA.
To test whether MITF is required for HSP70-dependent regulation of the promoter activity of the tyrosinase gene, we examined the effect of siRNA for MITF on the promoter activity of the tyrosinase gene. As shown in Fig. 4 , transfection with siRNA clearly inhibited the expression of MITF irrespective of the presence of IBMX and HSP70 overexpression. The siRNA suppressed IBMX-dependent activation of the promoter activity of the tyrosinase gene, and HSP70 overexpression did not affect the promoter activity in cells transfected with the siRNA (Fig. 4) , suggesting that MITF plays an important role in the inhibitory effect of HSP70 on the promoter activity of the tyrosinase gene.
We also examined the expression of MITF-regulated genes other than the tyrosinase gene, such as tyrosinase-related protein 1 (Tyrp1), dopachrome tautomerase (Dct), and protein phosphatase methylesterase 1 (PmeI). Expression of these genes was enhanced by IBMX and this enhancement was suppressed in HSP70-overexpressing cells (supplemental Fig. S2, G-I) .
Involvement of an Interaction between HSP70 and MITF in the Inhibitory Effect of HSP70 on Melanin Production-Based
on the results mentioned above and the fact that HSP70 is a molecular chaperone modifying the activity of other proteins by its direct binding, we hypothesized that HSP70 interacts with MITF to modulate its effect on transcription of the tyrosinase gene. At first, we examined the physical interaction between HSP70 and MITF by a co-immunoprecipitation assay; we immunoprecipitated HSP70 and looked for the presence of MITF. Efficient precipitation of HSP70 was observed in a manner that was dependent on both the overexpression of HSP70 (Fig. 5A ) and the specific antibody (data not shown). MITF was co-immunoprecipitated, and this co-immunoprecipitation was stimulated by overexpression of HSP70 (Fig. 5A) . We also performed a reciprocal co-immunoprecipitation assay; we immunoprecipitated MITF and looked for the presence of HSP70. Efficient precipitation of MITF was observed in a manner that was dependent on the specific antibody (data not shown), and HSP70 was co-immunoprecipitated (Fig. 5A) . These results suggest that HSP70 can physically interact with MITF.
We also examined the interaction using purified proteins. After incubation of purified glutathione S-transferase (GST)-fused MITF and HSP70, we precipitated GST-MITF and looked for the presence of HSP70. As shown in supplemental Fig. S3 , precipitation of HSP70 was observed with fulllength GST-MITF (GST-MITF-1) but not with GST alone, suggesting the direct interaction between MITF and HSP70. We also constructed a series of deletion mutants of GST-MITF to identify the domain of MITF responsible for its interaction with HSP70. Deletion of the N-terminal region of MITF (1-99 amino acid residues) diminished the interaction with HSP70, and the N-terminal fragment of MITF (1-99 amino acid residues) interacted with HSP70, suggesting that this region is responsible for the interaction (supplemental Fig. S3) .
We then tested the co-localization of HSP70 and MITF by immunoblotting and immunostaining assays. As shown in Fig.  5B , MITF was detected in the nuclear extract irrespective of whether HSP70 was overexpressed, and HSP70 was also detected in the nuclear extract from cells overexpressing HSP70 but not in extract from control cells. These observations were confirmed by an immunostaining assay; MITF localized in the nucleus irrespective of the overexpression of HSP70, and HSP70 localized in the nucleus in a manner that was dependent on its overexpression (Fig. 5C) . As a result, co-localization of HSP70 and MITF in the nucleus was observed in HSP70-overexpressing cells (see the Merge panel in Fig. 5C ).
We then examined the effect of HSP70 overexpression on the specific binding of MITF to the promoter of the tyrosinase gene by chromatin immunoprecipitation assay. As shown in Fig. 6 , DNA fragments containing the promoter of tyrosinase gene were precipitated with antibody against MITF more efficiently than control DNA fragments, suggesting that MITF specifically binds to the promoter of the tyrosinase gene in cells. We also found that this binding was stimulated by treatment of cells with IBMX, and HSP70 overexpression significantly inhibited this binding (Fig. 6) . Results in Fig. 6 also suggest that HSP70 does not bind to the promoter of the tyrosinase gene so apparently in cells.
Finally, we examined the effect of HSP70 on the transcription of the tyrosinase gene in nuclear extract. DNA fragments containing the promoter region of the tyrosinase or grp78 (control) were incubated with nuclear extract to promote the transcription, and transcripts were detected by autoradiography after separation on polyacrylamide gel electrophoresis. The band with the expected size was detected depending on the template DNA and nuclear extract (data not shown), showing that the band corresponds to the transcript of tyrosinase or grp78. The intensity of bands corresponding to the transcript of tyrosinase but not that of grp78 increased by treatment of cells with IBMX (Fig. 7A) . As shown in Fig. 7A , the intensity of band corresponding to the transcript of tyrosinase was lower with extracts prepared from HSP70-overexpressing cells treated with IBMX than those from control cells treated with IBMX. Such effect was not observed for the band corresponding to the transcript of grp78 (Fig. 7A) . Furthermore, the addition of purified HSP70 to extract prepared from control cells decrease the intensity of band corresponding to the transcript of tyrosinase but not of grp78 (Fig. 7B) . These results suggest that HSP70 directly suppresses the transcription of the tyrosinase.
Effect of Expression of HSP70 on UVB-induced Melanin Production in
Vivo-Finally, we tested the in vivo relevance of our in vitro results using transgenic mice expressing HSP70. The transgenic mice and wild-type mice were exposed to UVB irradiation for 8 days, and the melanin content was estimated by Fontana-Masson staining of sections or by a narrow-band simple reflectance meter (Mexameter). For this we used the tail skin because murine tail skin resembles human skin, as epidermal melanocytes are present and UV-dependent melanin production has been observed (52) . We confirmed the overexpression of HSP70 in the skin of the transgenic mice by an immunoblotting assay (data not shown). As shown in Fig. 8A , an increase in melanin staining at the basal layer of the epidermis (the dermal/epidermal border) was observed in the wildtype mice after UVB irradiation, but this increase was not so obvious in sections prepared from the transgenic mice expressing HSP70. Measurement of melanin content by a Mexameter also showed that the melanin content was lower in the UVBtreated transgenic mice expressing HSP70 than in the wild-type controls (Fig. 8B) . We also found that heat treatment of tail skin caused overexpression of HSP70 and a lower level of melanin content after irradiation with UVB (supplemental Fig. S4 ).
DISCUSSION
It has been reported that heat treatment of mouse melanoma cells (Mel-Ab) suppresses melanin production; however, it is not clear whether up-regulation of expression of HSPs is involved in this phenomenon because an HSP-independent mechanism such as activation of extracellular signal-regulated kinase (ERK) and inhibition of p38 mitogen-activated protein kinase (p38 MAPK) has been proposed to be responsible for this phenomenon (35, 36) . In this study we confirmed the inhibitory effect of heat treatment on melanin production in another type of mouse melanoma (B16) and showed that artificial overexpression of HSP70 also suppresses melanin production, suggesting that up-regulation of HSP70 expression is involved in the inhibitory effect of heat treatment on melanin production. Other mechanisms, such as activation of ERK and inhibition of p38 MAPK, may also contribute to the inhibitory effect of heat treatment on melanin production (35, 36) . Furthermore, a decrease in the level of MITF after heat treatment (supplemental Fig. S2 , E and F) should be involved in the inhibitory effect of heat treatment on melanin production.
Because HSPs are known to affect the intracellular traffic of vesicles, it is possible that expression of HSP70 affects the intracellular traffic of melanosomes, resulting in alterations to the amount of melanin in the culture medium. However, as well as heat treatment, artificial overexpression of HSP70 decreased the amount of melanin not only in the culture medium but also in cell extracts. This suggests that the decrease in the amount of melanin in the culture medium cannot be simply explained by the alteration of intracellular traffic of melanosomes and that synthesis of melanin by melanosomes is suppressed by overexpression of HSP70. In fact, we found that the activity and expression of tyrosinase (a rate-limiting enzyme in the synthesis of melanin) are suppressed in cells overexpressing HSP70. It is well known that the activity of tyrosinase is regulated mainly at the level of transcription, and we found by real-time RT-PCR analysis and luciferase reporter assay that the transcriptional activity of the tyrosinase gene is suppressed in cells overexpressing HSP70. Furthermore, in cells transfected with siRNA specific for MITF (a key transcription factor regulating the transcription of the tyrosinase gene), overexpression of HSP70 did not affect the promoter activity of the tyrosinase gene, suggesting that MITF plays an important role in HSP70-dependent regulation of the transcription of the tyrosinase gene. -HSP70) ) or those against MITF (IP (␣-MITF)) (A), or nuclear extracts were prepared from whole cell extracts (B). Each fraction was analyzed by immunoblotting as described in the legend of Fig. 1 (A and B) . After fixation, samples were incubated with antibody against HSP70 or MITF. After incubation with the respective secondary antibody, cells were inspected using fluorescence microscopy. The left three panels are the magnified image of the right three panels. Scale bar, 20 m (C).
The pathway of activation of adenylate cyclase followed by an increase in the intracellular cAMP level and activation of protein kinase A/cAMP response element-binding protein has been proposed to play an important role in the UV-induced expression of tyrosinase mainly through induction of MITF expression (7) . In this study we have confirmed that IBMX upregulates the expression of MITF. However, surprisingly, overexpression of HSP70 did not affect this up-regulation. Thus, we propose an alternative mechanism for the inhibitory effect of HSP70 on expression of the tyrosinase gene; HSP70 directly binds to MITF in the nucleus and inhibits its specific binding to the promoter of the tyrosinase gene. This is based on the following results; HSP70 can physically interact with MITF (co-immunoprecipitation assay), overexpressed HSP70 colocalized with MITF in the nucleus (co-immunostaining assay), overexpression of HSP70 inhibited the specific binding of MITF to the promoter of the tyrosinase gene (chromatin immunoprecipitation assay), and HSP70 inhibited the transcription of the tyrosinase gene in nuclear extract.
On the other hand, it has been reported that heat treatment suppresses the promoter activity of the mitf gene and sup- presses the expression of MITF through inhibition of protein phosphatase 2A and ERK activation (36) . Furthermore, it was suggested that heat treatment suppresses the activity of tyrosinase through p38 MAPK suppression (35) . Thus, the inhibitory effect of heat treatment on melanin production would be mediated not only by expression of HSP70 but also by ERK activation and p38 MAPK suppression.
We also suggest that the expression of HSP70 suppresses UVB-induced synthesis of melanin in vivo; transgenic mice expressing HSP70 showed a smaller UV-dependent increase in the melanin content of the skin than wild-type mice. We have considered that the mechanism that is suggested by our in vitro studies is responsible for this in vivo phenomenon. Because hypopigmenting reagents are useful as drugs and cosmetics, a number of compounds that inhibit tyrosinase and/or MITF have been discovered; however, most of their cosmetic and pharmaceutical applications have not been successful due to skin irritation and permanent depigmentation (53) . This seems to be due to the fact that UV-induced melanogenesis has a protective role against UV-induced skin damage. Based on the results of this study, we propose that non-toxic HSP70-inducers could be cosmetically and pharmaceutically beneficial because HSP70 protects keratinocytes from UV-induced cell damage both in vitro and in vivo (24, 29 -33) . Furthermore, human HSP70 has been reported to stimulate deoxyribonucleic acid base excision repair by its direct binding to human AP endonuclease and uracil DNA glycosylase (54) . In E. coli, an HSP70 homologue (DnaK) stimulates the nucleotide excision repair of damaged DNA by maintaining repair proteins in their properly folded state (55) , suggesting that human HSP70 may also stimulate nucleotide excision repair. We recently found that expression of HSP70 suppresses UV-induced DNA damage and stimulates its repair process at the skin in mice (56) . Other beneficial effects of HSP70, such as stimulation of wound-healing at the skin and anti-aging activity have also been suggested (57) (58) (59) (60) . Furthermore, because recent reports suggest that MITF is an oncogene and its activation is involved in the progression of melanoma (61), the inhibitory effect of HSP70 on MITF would be beneficial for the prevention of UVinduced melanoma. We have already screened for non-toxic HSP70 inducers from natural products and found that some of their HSP-inducing activities were more potent than geranylgeranylacetone (62) . We hope to develop some of these as whitening cosmetics or drugs for melanin-related diseases.
